Signicance, importance and occurrence in medicinal chemistry
Introduction
A great many fundamental processes in the cell are based on the interaction of peptides and proteins, which are composed of the repertoire of 20 so-called canonical amino acids (cAA). Generally, the biosynthesis of these peptides and proteins is based on mechanisms of ribosomal synthesis. 1 The alphabet of the cAAs has recently been extended by two additional amino acids, selenocysteine (abbreviated as Sec or U, in older publications as Se-Cys) as the 21 st proteinogenic amino acid, which is used as a building block for selenoproteins in all kingdoms of life 2 and pyrrolysine (Pyl or O) as the 22 nd proteinogenic amino acid, which in 2002 was discovered to be used by Methanosarcina barkeri in the active site of a methyl-transferase enzyme. Pyl is encoded by the amber stop codon UAG [3] [4] [5] and also used by some methanogenic archaea as well as the Gram-positive bacterium Desultobacterium hafniense as a part of a methane-producing enzyme complex. 6 The structural complexity in the bacterial and fungal world is further increased by posttranslational modi-cations of the canonical amino acids 1 to a multitude of additional amino acid modications.
An alternative biosynthesis route for assembly of peptides is non-ribosomal peptide biosynthesis. In a similar manner to ribosomally synthesized and post-translationally modied peptides (RiPPs) biosynthesis, genes are assembled in gene clusters which harbor a variety of genes coding for non-ribosomal peptide synthetases (NRPSs), amino acid biosynthesis genes, tailoring enzymes, as well as genes for export and resistance. The NRPSs are multimodular giant enzymes, in which one module is typically dedicated to the activation and coupling of one amino acid. Of particular importance are the adenylation (A) domains as essential constituents of these modules. The A-domains perform the recognition and activation of a specic amino acid. The amino acids to be activated can be proteinogenic or non-proteinogenic. In the latter case, the gene cluster or the genome of the producing organism must contain the biosynthesis genes for the corresponding non-proteinogenic amino acid. Structural diversity during non-ribosomal biosynthesis is further attained either by in cis acting domains (methylation, epimerization, cyclization, etc.) or by tailoring enzymes, performing methylations, b-hydroxylations, oxidation reactions and halogenations acting in trans. Methylations have been observed at the b-carbon atom of some amino acids like Asp in friulimicin, 7 Glu in daptomycin 8 and Phe in hormaomycin.
9 Such b-hydroxylations are catalyzed either by nonheme iron-containing a-ketoglutarate-dependent dioxygenases 10, 11 or cytochrome P450 monooxygenases 12, 13 and a prominent example is b-hydroxytyrosine in various glycopeptide antibiotics, such as vancomycin.
14 Likewise halogenations of proteinogenic amino acids have been described for glycopeptide antibiotics.
15
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group in contrast to the methylene-extended versions, i.e. the homoamino acids.
18
Respective examples are homophenylalanine (homoPhe), in pahayokolides A and B, 19 homotyrosine (homoTyr) in cyanopeptolins as well as anabaenopeptins, 20 or 3,4-dihydroxyhomotyrosine in echinocandin B. 21 In this review we highlight some structural aspects of Phg, Hpg and Dpg, discuss their occurrence in various natural products as well as their biosynthesis, modication and incorporation into peptides.
Structure and properties of Phg, Hpg and Dpg
Steric and electronic aspects play an important role for conformation and reactivity of phenylglycine-containing peptides and thus it is pertinent to discuss these inuences.
Remarkably, in phenylglycines the bulky aromatic sidechain is directly attached to the a-carbon. This is in stark contrast to the proteinogenic aromatic amino acids, which all bear a bmethylene spacer between the a-carbon and the aromatic group. Accordingly, phenylglycines have, assuming that the conformation of the peptide backbone is xed, strongly restricted degrees of freedom for the aromatic side chain. Furthermore, electronic effects of substituents at the aromatic rings inuence reactivity and physical properties. In general, phenylglycines appear more prone to racemization than other a-amino acids.
22,23
In the literature, two basic mechanisms of racemization for amino acids are discussed. According to the rst mechanism, it is believed that deprotonation occurs at the a-carbon due to acidic nature of the a-proton stabilizing an enolate-like structure, which ultimately leads to racemization upon reprotonation. Alternatively, deprotonation may occur at the amide proton forming an enolate upon rearrangement, leading to racemization. 22 Interestingly, Phg, Hpg and Dpg undergo basecatalyzed racemization at the a-position at much higher rate Scheme 1 Shared biosynthesis scheme for phenylglycines and the aromatic amino acids Phe, Tyr and Trp. While Phg and Hpg originate from chorismate branching off into the biosyntheses of Phe and Tyr, the amino acid Dpg is directly assembled from acetyl-CoA. Detailed insights into the biosynthesis of Phg, Hpg and Dpg are discussed in Section 4.
compared to Phe/Tyr and also compared to other proteinogenic amino acids. Experimentally, it was found that Phg has a ninefold higher rate of racemization compared to alanine.
22,23 A 4-hydroxy group substitution on phenylglycine (Hpg) should decelerate the racemization rate, which can be attributed to the mesomeric effect (+M) (Scheme 2) decreasing the acidity of the a-carbon. Electron withdrawing substituents in this position, e.g. a nitro group, should dramatically increase racemization. Due to the m-position, the phenol substituents of Dpg have a signicantly reduced M-effect compared to Hpg. Rather ÀI-effects could induce faster racemization. In addition, one has to consider that the electronic effects of the aromatic sidechain are conformation-depend, i.e. that rotation of the aromatic ring (IV) out of the plane (V) leads to lowered orbital overlap and thus less inuence on racemization rate of the a-carbon.
The racemization-prone nature of phenylglycines is a wellknown phenomenon and has been described for synthesis applications during deprotection 24 and macrocyclization reactions of amino acids and peptides, which greatly limits the selection of protecting groups, and further requires the careful selection of reaction conditions. This indicates the importance of structural features and of electronic effects on the stability of phenylglycines as well as of peptides derived from them. In addition, electron donating effects from hydroxyl and other substituents on the aromatic ring may inuence p-p stacking, as well as capabilities for formation of H-bonds.
While the electronic nature and inuence of phenylglycines within a peptide context is rather poorly understood, it is apparent that these amino acids play a particular role for both structure and bioactivity. One example for the importance of the Hpg residue was performed at [L-Dap 2 ]ramoplanin A2 aglycon by an alanine scan, 25 a commonly used method to systematically replace and hence assess every amino acid position of a peptide by Ala. By means of this method the minimal inhibitory concentration (MIC) decreased 13 to 74 times fold depending on the position of Hpg which had been exchanged with Ala. 25 A similar experiment was carried out for the peptide antibiotic feglymycin, where an assessment of contributions of Hpg and Dpg to the antimicrobial activity was performed. 26 
Phenylglycines in peptide natural products
Phenylglycines occur in various forms as constituents of peptide natural products and thus contribute to novel -and even medically exploited -bioactivities. With regard to structural aspects, the number of phenylglycine building blocks varies, from a single occurrence to multiple times in different peptides. Among phenylglycine-containing peptides linear structures, head-to-tail cyclizations or side chain-bridges directly involving phenylglycines have been described. In addition, both enantiomeric forms of phenylglycines, i.e. L or D conguration, are represented in various peptides. In the following sections we will suggest a classication of peptides according to characteristic structural features.
Phg-containing peptides
The amino acid phenylglycine has been reported in the early 1960-70s as a constituent of the peptide antibiotics virginiamycin S 27-29 produced by Streptomyces virginiae, streptogramin B (also known as pristinamycin IA and mikamycin IA) [30] [31] [32] [33] [34] produced by various species of the Streptomyces genus (e.g. Streptomyces diastaticus, and Streptomyces graminofaciens), 35 and pristinamycin I 28,36-39 produced from Streptomyces pristinaespiralis (Scheme 3). The structure elucidation of these compounds has been performed by identication of hydrolysis products, 27, 28, [40] [41] [42] while the conguration of these compounds has been determined by mass spectrometry and X-ray crystallography. 28, 43 Pristinamycin I, virginiamycin S and streptogramin B are heptameric cyclic peptide antibiotics synthesized by NRPSs 28,37 which share the same core structure. Pristinamycin I for example consists of seven amino acids, ve of them are noncanonical residues including L-hydroxypicolinic acid
17,28 Virginiamycin S has exactly the same structure as pristinamycin I with the exception that it contains L-Phe instead of L-DAMPA (Scheme 3).
Virginiamycin S has antimicrobial activities against a broad spectrum of Gram-positive bacteria, and was used as an antibiotic for poultry feeds in order to stimulate growth. 44, 45 The use of virginiamycin increased from 1995 to 1997 as growth promoter for pigs, which in turn caused an increase in virginiamycin-resistant Enterococcus faecium isolates from 27.3% in 1995 to 66.2% in 1997 in Denmark. In the beginning of 1998, the Danish government banned its use, and the occurrence of virginiamycin-resistance decreased to 33.9% in 2000. 46 Similar results have been reported from Norway and Finland. 47 Streptogramins (including virginiamycin S and pristinamycin I) inhibit bacterial protein synthesis in Gram-positive bacteria targeting the 23S ribosomal RNA by binding to the P-binding site of the 50S ribosomal subunit. This prevents the elongation of the protein chains by the ribosome, ultimately leading to the premature release of peptides.
35
Pristinamycin I exhibits antimicrobial activities against erythromycin-resistant staphylococci and streptococci, as well as against methicillin-resistant Staphylococcus aureus (MRSA). This peptide, which has moderate bacteriostatic effects, 17 is synthesized together with the polyunsaturated cyclopeptide/ macrolactone pristinamycin II, a streptogramin group A member. The producing strain Streptomyces pristinaespiralis synthesizes both compounds in an approximate 1 : 3 ratio.
28
Both compounds, pristinamycin I and II, act in a synergistic manner rendering bactericidal affects. In spite of its poor solubility (10 À4 mg ml À1 water), 28 which limits its usage in intravenous formulations, it is sometimes used as a therapeutic drug in human medicine against multi-resistant Gram-positive bacteria, such as the semisynthetic streptogramin Synercid (Pzer) which is a mixture of quinupristin (a pristinamycin I derivative) and dalfopristin (a pristinamycin II derivative).
29,48
Dalfopristin binds to the 23S ribosomal RNA of the 50S ribosomal subunit and changes its conformation, which enhances the binding of quinopristin 100 fold.
17 Pristinamycin I is used as an alternative to rifampicin, fusidic acid or linezolid in the treatment of methicillin-resistant Staphylococcus aureus MRSA, drug-resistant Streptococcus pneumoniae and vancomycin-resistant Enterococcus faecium as well as some Gram-negative bacteria, such as Haemophilus spp.
17,49-52
In addition to the monocyclic peptides mentioned above, a bicyclic peptide named dityromycin is also a Phg-containing peptide (Scheme 3). 53, 54 Dityromycin is produced by Streptomyces sp. strain AM-2504, and shows antimicrobial activities against Gram-positive bacteria including Bacillus, Clostridium, and Corynebacterium. 55 Its structure was elucidated by NMR spectroscopy and FAB-MS, and nally conrmed by fragment synthesis. 53 Nevertheless, its stereochemistry has not yet been claried. The structure of GE82832, synthesized by Streptosporangium cinnabarinum (strain GE82832) is highly related to that of dityromycin and has a mass difference of 2 Da, which might result from an additional yet undetermined position of a double bond. 54 Furthermore, GE82832 consists of two bioactive isomeric components (A and B) with the same molecular weight (1286 Da) which may be due to the occurrence of diastereomers. 56 Dityromycin and GE82832 inhibit bacterial protein synthesis in vitro and in vivo by targeting the small ribosomal subunit and inhibiting the EF-G-catalyzed translocation of the elongation step. 54, 57 Recently, two new bicyclic depsipeptides, named MBJ-0086 and MBJ-0087, have been isolated from the culture broth of Sphaerisporangium sp. 3226. 58 They have very similar structure to dityromycin and GE82832 peptides (Scheme 3). Their structures were elucidated by NMR spectroscopy and high-resolution-ESI-LC-MS. MBJ-0086 shows a high antimicrobial activity against Bacillus subtilis with an MIC value of 1.1 mM, in comparison to 24 mM for MBJ-0087. Both compounds have no cytotoxicity against human ovarian adenocarcinoma SKOV-3 cells (IC 50 > 50 mM) nor antimicrobial activity against Micrococcus luteus (IC 50 > 50 mM). 58 As the above-mentioned Phg-containing natural products are the only examples of Phg found in nature, this amino acid appears to be the least represented among all phenylglycines.
Hpg and Dpg-containing peptides
Non-substituted phenylglycines are comparatively rare in peptide natural products, and they do not occur accompanied by other phenylglycines. However, it is quite remarkable that there have been several peptides described with the concomitant presence of Hpg and Dpg. Furthermore, the structural diversity of Hpg-and Dpg-containing peptides is much more pronounced, possibly also due to the H-bonding properties of the phenolic groups, which expands the options for molecular interactions. However, the amino acid 3-hydroxyphenylglycine rarely occurs in nature, and the only example of a known natural product is forphenicine (4-formyl-3-hydroxyphenylglycine), an inhibitor of alkaline phosphatase produced by Actinomyces fulvoviridis var. acarbodicus. 59, 60 Another rare natural derivative of phenylglycine is m-carboxyphenylglycine, which was isolated from bulbs of Iris tingitana var. Wedgewood. 
62,63
They have been isolated from Nocardia uniformis ssp. tsuyamanensis ATCC 21806, with nocardicin A as the most abundant component out of seven from the nocardicin A-G series. 62, 64, 65 The structure elucidation of the nocardicins was performed by 1 H and 13 C NMR spectroscopy, complemented by hydrolysis and derivatization studies. 62 Structurally, the nocardicins vary in their amine oxidation state and the presence or absence of an ether-linked homoseryl (hSer) side chain. Remarkably, all nocardicin structures contain the Hpg motif in a twofold manner. One Hpg constitutes the C-terminus of nocardicin whereas the other Hpg, which is attached to the N-terminus of the lactam, is masked as an oxime and, in addition, is etheried in the phenolic side chain with hSer in case of nocardicin A and C (Scheme 4). The simplest member of the nocardicin family is nocardicin G, which is derived from the tripeptide core D-Hpg-LSer-D-Hpg. Nocardicin G was shown to be incorporated intact into nocardicin A, which was conrmed by preparation of a doubly labeled ( 13 C, 15 N) sample of nocardicin G, and subsequent feeding into a growing culture of Nocardia uniformis ssp. tsuyamanensis ATCC 21806. 66 Nocardicin has a modest activity against a wide spectrum of Gram-negative bacteria, e.g. Proteus vulgaris IAM-1025 (MIC ¼ 3.13 mg ml À1 ) and Pseudomonas aeruginosa IAM-1095 (MIC ¼ 400 mg ml À1 ), and possesses at the same time b-lactamase resistance.
63,67
Some other b-lactam linear peptides, which are structurallyrelated to nocardicin A are chlorocardicin and the formadicins. Chlorocardicin, was isolated from Streptomyces sp. (SK&F-AAH-873) from a soil sample collected from the root zone of a cactus in Pima County, Arizona. 68, 69 The structure was elucidated by high resolution FAB-MS and 1 H and 13 C NMR analysis. 69 The only difference to the nocardicin A structure is an additional chlorine atom, resulting in 3-chloro-4-hydroxy phenylglycine instead of the C-terminal Hpg moiety (Scheme 4). The antibacterial activities against Gram-negative bacteria, e.g. Klebsiella pneumoniae were similar to nocardicin A in M9 medium, and eightfold higher in complex media (Müller-Hinton broth MHB; MIC ¼ 25 mg ml À1 ). 68 Chlorocardicin exhibits low activity against Staphylococcus aureus, whereas nocardicin A is not active. 68 The formadicins were isolated from Formadicins A and C contain two residues of a,4-dihydroxybenzeneacetic acid instead of the N-terminal D-Hpg residue. Formadicins have antibacterial activities similar to that of nocardicin A, and they exhibit high activity against some Pseudomonas and Proteus species. Generally, the formadicins C and D display higher antimicrobial activities than formacidins A and B.
70
A linear peptide which contains both amino acids, Hpg and Dpg, is feglymycin (Scheme 4). The peptide was isolated from Streptomyces DSM 11171 (ref. 72 and 73) and its structure was solved by NMR spectroscopy 72 and later by X-ray crystallography. 74 It is a 13mer peptide consisting of four Hpg (one D-Hpg and three L-Hpg) and ve D-Dpg residues. With exception of the N-terminal D-Hpg the molecule displays a long stretch of alternating D-and L-congured amino acid residues. In the crystal the peptides form a p-helical homodimeric cylinder where the aromatic side chains of Hpg and Dpg point to the outside. The lids of the cylinder are formed by the side chains of Phe.
74 While feglymycin shows antibacterial activity only against Gram-positive bacteria it inhibits peptidoglycan biosynthesis enzymes MurA and MurC (E. coli and Staphylococcus aureus) of Gram positive and Gram negative bacteria (Scheme 4). 26 Furthermore, feglymycin has been reported to inhibit HIV replication in the low mM range (EC 50 ¼ 0.8-3.2 mM) in addition to the inhibition of the formation of syncitia, which results from cell-to-cell transfer between HIV-infected T cells and healthy CD4 + T cells as well as the DC-SIGN-mediated viral transfer to CD4 + T cells. Feglymycin acts as gp120/CD4 binder by interacting with the heavily glycosylated viral envelope protein gp120, as determined by surface plasmon resonance (SPR) spectroscopy, thus inhibiting HIV entry to CD4 + T cells via CCR5 and/or CXCR4 chemokine receptors. 75 Finally, the total synthesis of the 13 amino acid antiviral peptide antibiotic feglymycin and its enantiomer was performed by fragment condensation. This study was motivated by the difficulty in assembling a large number of phenylglycines while suppressing racemization and epimerization, respectively. Structure-activity-relationship (SAR) studies with truncated synthetic peptides shed light on structural features relevant to the molecular mode of action of feglymycin. 73 A further Ala-scan of feglymycin revealed contributions of amino acid side chains to the activity in antibacterial and antiviral assays.
26
The Ala-scan showed a signicant decrease in MICs, 4 Ramoplanin, produced as a complex of three compounds A1-A3, 77, 79, 80 has excellent antibacterial activities against Grampositive bacteria (2-10 times more active than vancomycin against 500 strains), particularly against Staphylococci (including methicillin-resistant isolates), vancomycin-resistant Enterococci VRE (MIC ¼ 0.5 mg ml À1 ), Streptococci, Actinomyces and Gram-positive anaerobes. 25, 81 It shows excellent therapeutic activities against experimental septicemias in the mouse and exhibits a lack in the cross-resistance with other clinically used antibiotics. 76, 78 The main mode of ramoplanin action is changing the bacterial peptidoglycan architecture, thus inhibiting bacterial cell wall integrity by interrupting the late stage membrane-associated glycosyltransferase reactions catalyzed by transglycosylases and MurG. 
25,77,79-81
The ramoplanose structure (ramoplanin aglycon) was elucidated in 1991 by means of FAB-MS, amino acid analysis, chiral GC, and NMR spectroscopy 86 and subsequently corrected in 1996 by 2D NMR spectroscopy; from these data a 3D structure model has also been derived. ) at the other end. 25, 81, 87, 88 The total synthesis of ramoplanin A2 and ramoplanose was achieved in 2002 by assembly and cyclization of three peptide subunits in a solution phase approach.
88 Structure-activity relationship (SAR) studies by Boger and coworkers were performed by an Ala-scan on the derivative [L-Dap 2 ] ramoplanin A2 aglycon. 25 This study showed that for Hpg substitutions the MIC decreased between 13 to 74 times upon substitution with Ala, depending on the positions of Hpg within the molecule. Nevertheless, the most critical residue for its activity was D-Orn 10 where the MIC decreased three order of magnitude when substituted with Ala.
25
The peptide antibiotics enduracidin A and B 82,89,90 (Scheme 5) and janiemycin have similar amino acid compositions, 91, 92 and show similar core structures compared to ramoplanin. Enduracidin A and B were isolated from mycelium of Streptomyces fungidicus B-5477.
90
The structure of enduracidin was determined by Hori and coworkers in the early 70s by NMR spectroscopic studies, [93] [94] [95] while the 3D solution conformation was determined in 2005 by NMR spectroscopy and molecular dynamics. 89 Enduracidins are cyclodepsipeptides composed of 17 amino acids, of which 16 form a macrolactam. The Nterminus is acylated with cis,trans-fatty acids (Scheme 5), which is the discriminating feature of enduracidin A and B.
89 Apart from signicant similarities between enduracidin and ramoplanin the former contains the characteristic amino acid enduracididine (End) at position 10 and 15 and citrulline (Cit  9 ) replacing Phe 9 , Orn 10 and Leu 15 in ramoplanin. The structures further differ in D-mannosylation of ramoplanin at Hpg 11 as well as in the length of the acyl chain. 89 Structural similarities between enduracidin and ramoplanin point to a similar mechanism of action, i.e. binding to the peptidoglycan lipid intermediate and a common bioactive antibiotic pharmacophore. 81, 82 The total synthesis of enduracidin has not yet been achieved; enduracididin (End) has been synthesized previously by Tsuji and coworkers in 1975 . 96 Enduracidin shows in vitro and in vivo antibacterial activities against a wide spectrum of Gram-positive bacteria including MRSA causing human urinary tract and skin infections, 97 as well as Neisseria gonorhoeae, with a minimal inhibitory concentration (MIC) < 0.05 mg ml À1 .
98-103
Although enduracidins are known since the 1960s, they have more recently been revisited for their potential as pharmaceutically used antibacterial compounds. In addition, enduracidin hydrochloride has been reported to be used for animal production in order to increase animal weight in pigs and chicken, and to improve feed conversion ratio in these animals.
104
Janiemycin is a cell wall biosynthesis inhibitor peptide isolated from Streptomyces macrosporeus. It has a structure related to the peptide antibiotic ramoplanin A2, and shares a similar amino acid composition with enduracidin. 92, 105, 106 Until now a detailed structure analysis of janiemycin has not been performed. Application of janiemycin on Gram-positive and Gramnegative bacteria results in accumulation of lipid intermediates. 92, 105 Based on amino acid similarities of janiemycin to ramoplanin A2 and to enduracidin, it is proposed that janiemycin might also inhibit transglycosylases and/or MurG by binding to lipid I and/or lipid II.
81
The calcium dependent peptide antibiotic CDA (Scheme 6) has rst been described by B. Rudd in 1978 as produced by Streptomyces coelicolor A3 (2) . 107 This peptide was called CDA because it kills bacteria only in the presence of calcium ions, where it produces transmembrane channels to conduct monovalent cations.
108,109 The CDA structure was elucidated by Jung and co-workers 110 by means of amino acid analysis, Edman degradation and 2D NMR spectroscopy. CDA occurs also in various natural subtypes (CDA1b, CDA2a, CDA2b, CDA3a, CDA3b, CDA4a and CDA4b) and their production depends on the culture medium used. 
110
CDA displays antimicrobial activities against a variety of Grampositive bacteria, and multicellular bacteria from the Streptomyces genus, except for ve strains closely related to the wild type producing organism Streptomyces coelicolor A3(2). 108 There are obvious structural similarities of CDA to related lipocyclopeptides such as the marketed antibacterial daptomycin (Cubicin™, injectable form) and to friulimycin. 113, 114 Main structural similarities are the 10mer peptide macrocycle as a central element. However, neither daptomycin nor friulimycin contain the D-4-Hpg in their structures. Both CDA and friulimycin possess three residues of Asp at position 4, 5 and 7, where Asp 4 in friulimycin is b-methylated. 114 Daptomycin contains also Asp at position 7, and two other Asp residues but in different positions compared to CDA. Nevertheless, both peptide antibiotics CDA and daptomycin contain L-3-methyl-Glu at the preliminary position in their macrocyclic rings.
110,113
The peptide antibiotics arylomycin A and B, isolated and characterized from Streptomyces sp. Tü 6075 by the groups of Fiedler & Jung in 2002, 115, 116 were shown to bind and inhibit bacterial type I signal peptidase (SPase) in vitro. [116] [117] [118] The total synthesis of arylomycin has been achieved by Romesberg and coworkers in 2007, 119 followed by the synthesis of various derivatives including arylomycin A-C 16 . [119] [120] [121] [122] [123] [124] Recently, a new arylomycin derivative (arylomycin A6) was isolated from Streptomyces parvus HCCB10043 and its structure was elucidated by HR-ESI-MS, fatty acid analysis and 1D-and 2D-NMR spectroscopy. 125 Together with their synthetic derivatives (e.g. arylomycin C 16 ) (Scheme 6), they contain N-methylated-Hpg in their ring structures and show a remarkably wide spectrum of activities against both Gram-positive and Gram-negative bacteria. 120, 122, 123 The antimicrobial activities (MIC) of natural arylomycin A2 and of synthetic arylomycin C 16 against Staphylococcus epidermidis are $1.0-0.25 mg ml À1 , respectively.
119,126
The cyclodepsipeptides cochinmicin I, II and III (Scheme 6), isolated from Microbispora sp. ATCC 55140, 127 have been reported as endothelin antagonists. The structures contain two D-Dpg residues (cochinmicin I and III), and L-Dpg and D-Dpg residues (cochinmicin II), respectively. 128 The structures were elucidated by mass spectrometry, 1D and 2D NMR spectroscopy in the early 1990s.
128
The antagonism of these compounds to the endothelin (ET) receptors could potentially be used for treatment of various diseases caused by elevated levels of endothelin, e.g. cyclosporine-induced nephrotoxicity, myocardial infarction, uremia, diabetes, systemic hypertension, endotoxic shock, cardiac ischemia, post-ischemic renal failure and compromised renal ow.
127
The natural product xanthostatin (Scheme 6) is a cycloheptadepsipeptide which was isolated from Streptomyces spiroverticillatus. 129 Characteristic features of the structure are a p-methoxyphenylglycine and a macrolactone formed by the sidechain of Thr 1 with a modied Ser 7 at the Cterminus.
130
Remarkably, xanthostatin has a highly specic antimicrobial activity against Xanthomonads and has been described as bacteriostatic against Xanthomonas oryzae (MIC ¼ 2 mg ml À1 )
and Xanthomonas campestris pv. citri (MIC ¼ 4 mg ml À1 ). The latter phytopathogenic strain affects citrus plants ('citrus canker') causing necrosis on citrus fruits, leafs, and stems, and is considered a plant disease that is difficult to control.
131
Salinamides A-F (Scheme 6) are antibacterial and antiinammatory depsipeptides isolated from Streptomyces sp. CNB-091. The Streptomyces strain has been isolated from the surface of the jellysh Cassiopeia xamachana. 
132
Salinamide A and B exhibit strong transcription inhibition activity by targeting bacterial RNA polymerases of E. coli (Gramnegative) and Staphylococcus aureus (Gram-positive) while they do not inhibit human RNA polymerase I, II and III.
136,137
The largest group of antibacterial peptides containing Hpg and Dpg are the glycopeptide antibiotics (GPA). In these peptides the amino acids 4-hydroxyphenylglycine (Hpg) and 3,5-dihydroxyphenylglycine (Dpg) are essential elements of all type-I to type IV glycopeptide antibiotics, since they are involved in side-chain cross-links and thus are crucial for the overall conformation of the molecules. 150 Furthermore, kistamicin shows stronger anti-inuenza virus activity than ribavirin.
151
The antimicrobial activities of type I-IV compounds arise from their highly complex and rigid structures, which perform non-covalent binding of the glycopeptide backbone via ve hydrogen bonds to the amide bonds and C-terminal end of the Lys-D-Ala-D-Ala peptide of the peptidoglycan. 23, 152, 153 As the main mode of action, the binding of the substrate prevents subsequent crosslinking of peptidoglycan by transpeptidases. The common structure of type I-IV GPAs is a heptapeptide backbone containing three to ve phenylglycine-derivatives (type I or type IV, respectively). 
Biosynthesis of phenylglycines
The biosyntheses of Hpg and Dpg have been intensively investigated over the past years. The sequencing of the chloroeremomycin biosynthesis gene cluster in 1998 by van
Wageningen and coworkers was an important step, 141 since it allowed rst insights into putative genes functions involved into the assembly of these amino acids.
Further complete (or partial) sequencing for some other glycopeptides biosynthesis gene clusters such as balhimycin, 
biosynthesis pathways. Scheme 8 shows the distribution of Phg, Hpg, and/or Dpg biosynthesis genes within some of the most relevant gene clusters of natural products.
Phg biosynthesis
Although phenylglycine is structurally the simplest member among the phenylglycines, its biosynthesis genes were not identied until 2011. 159 The characterization of the pristinamycin biosynthesis gene cluster of Streptomyces pristinaespiralis led to the identication of an operon-like structure of ve genes pglA-E. 17 These genes exhibited similarities to some of the enzymes involved in Hpg-and Dpg-biosynthesis, 17 with overlapping start and stop codons, suggesting that these are translationally coupled.
159 Phg is suggested to be synthesised from phenylpyruvate, which is converted into phenylacetyl-CoA by PglB and PglC. These two enzymes are assumed to work together as a pyruvate dehydrogenase-like complex.
159
This assumption is based on high similarities of the pglB and pglC gene products (57% and 70% respectively) to the a-and bsubunits of pyruvate dehydrogenase from Mycobacterium avium. 159, 160 The gene expression of pglA gene results in the hydroxylacyl-dehydrogenase PglA which converts phenylacetylCoA into benzoylformyl-CoA.
Based on sequence comparisons using Blast data 161 PglA was found being related to DpgC of A. balhimycina (47% identity, 62% similarity), a key enzyme in the biosynthesis of Dpg, which converts 3,5-dihydroxyphenylacetyl-CoA into 3,5-dihydroxyphenylglyoxylate (see below Section 4.3).
159,162
Due to this similarity, PglA was proposed to have a comparable function to DpgC by catalyzing a similar oxygenation reaction during Phg biosynthesis. 159 The product of pglD gene was found to have moderate similarity (53%) to a type II thioesterase of Amycolatopsis mediterranei, suggesting that PglD may have a function as the hydrolytic thioesterase releasing phenylglyoxylate and CoA from benzoylformyl-CoA.
159
A basic local alignment of pglE gene product showed 67% similarity to the phenylglycine aminotransferase (Pgat) of Amycolatopsis balhimycina, suggesting that PglE 159 may convert benzoylformate into phenylglycine (Scheme 9).
159 All biosynthetic assumptions were conrmed by gene insertion mutagenesis studies and L-Phg feeding experiments in S. pristinaespiralis pgl mutants. 159 Nevertheless no in vitro protein investigations have been performed to date.
Hpg biosynthesis
The genes of the L-4-hydroxyphenylglycine (Hpg) biosynthesis pathway were initially assigned based on the data from the chloroeremomycin biosynthesis gene cluster of Amycolatopsis orientalis. 163 The reaction sequence is nalized by a transamination reaction catalyzed by L-4-hydroxyphenylglycine transaminase HpgT, which requires pyridoxal phosphate (PLP) as a coenzyme to exert its catalytic activity. HpgT has amino acid sequence homology to various amino acid transaminases. In addition HpgT showed substrate promiscuity by its ability to accepting a variety of amino donors, 164 as well as its ability of utilizing both 
Dpg biosynthesis
The gene functions of 3,5-dihydroxyphenylglycine (Dpg) biosynthesis pathway (Scheme 12) were assigned in the course of investigating the balhimycin biosynthesis gene cluster from Amycolatopsis mediterranei DSM5908.
154,175,178-181 Homologous biosynthesis pathways are found in all other glycopeptide biosynthesis gene clusters, e.g. chloroeremomycin (Scheme 10-a). [163] [164] [165] BLAST searches for genes with similarities to dpgA from the balhimycin biosynthesis gene cluster revealed a gene encoding for gerberin chalcone synthase 2 (GCHS2), a plant polyketide synthase (PKS) of the chalcone synthase-type (CHS) from Gerbera hybrid (Asteraceae). The enzyme uses acetyl-CoA and malonylCoA to synthesize the carbon-skeleton of gerberin, a 2-hydroxypyrone plant secondary metabolite. 175, 182 Signicant sequence similarities were particularly found for key amino acids in the active site shown to be required for activity of GCHS2. 183 Further similarities of DpgA to other proteins (45-49%) were all chalcone synthase-related PKSs 184 such as Streptomyces coelicolor.
185
Heterologous expression in Streptomyces lividans or in Escherichia coli combined with in vitro studies of DpgA using radioactively labeled acetyl-CoA and malonyl-CoA esters as substrates showed that DpgA is a type III PKS. Accordingly, four molecules of malonyl-CoA are assembled in a decarboxylating Claisen condensation to yield (1,3-dihydroxy-5-oxo-cyclohex-3-enyl)acetyl-CoA, a precursor of 3,5-dihydroxyphenylacetic acid (Scheme 12).
175,186,187
In in vitro experiments, DpgA showed the conversion of the above-mentioned precursor into 3,5-dihydroxyphenylacetylCoA (DPA-CoA), but in an extremely slow manner that was difficult to detect. However, formation of DPA-CoA was 17-fold by addition of DpgB. This conversion rate was again doubled by the addition of DpgD to DpgA/DpgB, although the addition of DpgD alone to DpgA did not increase DpgA activity. In total, the formation of DPA-CoA was accelerated 35-fold by the addition of DpgB/DpgD to DpgA.
186,187
Hence, DpgB and DpgD likely work as dehydratases on (1,3-dihydroxy-5-oxo-cyclohex-3-enyl)acetyl-CoA to produce DPACoA, probably while DpgA is still bound to the CoAsubstrate.
In vitro studies on DpgC conrmed its role as a metal-and redox cofactor-independent oxygenase in converting 3,5-dihydroxyphenylacetyl-CoA (DPA-CoA) into 3,5-dihydroxyphenylglyoxylate. This was proven by addition of DpgC to the above mentioned DpgA/DpgB incubation mixture. Likewise 3,5- dihydroxyphenylglyoxylate was also obtained aer incubation of synthetic DPA-CoA with DpgC alone. Addition of DpgB and/or DpgD to incubations of DpgC with DPA-CoA did not cause any effect on the CoASH formation rate. Furthermore, DpgC alone was able to yield phenylglyoxylate aer incubation with the nonsubstituted phenylacetyl-CoA (PA-CoA). 186, 187 Anaerobic incubation of DpgC with DPA-CoA revealed no product formation or detectable loss of substrate. This behavior changed upon admission of air to the reaction vials, revealing molecular oxygen as a likely source for the keto oxygen introduced into 3,5-dihydroxyphenylglyoxylate. Further investigations with mandelyl-CoA as a substrate showed that water can act as a source for the keto oxygen introduced into phenylglyoxylate by DpgC, since the anaerobic incubations did not indicate an absolute requirement for molecular oxygen. 186, 187 In-frame deletion mutation conrmed phenylglycine aminotransferase (PgaT) to perform transamination of 3,5-dihydroxyphenylglyoxylate to yield 3,5-dihydroxyphenylglycine. 175 4-Hydroxyphenylglycine transaminase HpgT was found to be corresponding with PgaT, and have the ability of catalyzing the transamination of L-Hpg and L-Phg from 4-hydroxyphenylglyoxylic acid and phenylglyoxylic acid respectively. 164 This substrate promiscuity led to the assumption that both HpgT and PgaT have dual functional activities catalyzing the transamination reaction of L-Hpg and 3,5-dihydroxyphenylglycine (Dpg). 175 PgaT uses L-tyrosine as an amino donor for the transamination conversion of 3,5-dihydroxyphenylglyoxylate into 3,5-dihydroxyphenylglycine, yielding 4-hydroxyphenylpyruvate (Scheme 12), which can undergo another cycle of Hpg biosynthesis (Scheme 10).
Biosynthesis of phenylglycinecontaining peptides
The common element in the biosynthesis of all phenylglycine containing peptides is their origins in non-ribosomal peptide synthesis. This makes the presence of such residues in peptides a characteristic sign of non-ribosomal biosynthetic origins.
Phenylglycine incorporation into non-ribosomal peptides
5.1.1 Phenylglycine selection and epimerization. Within non-ribosomal peptide synthesis, the selection and activation of amino acid building blocks is performed by adenylation (A)-domains. 188, 189 These domains have been studied in depth, including numerous structural, biochemical and bioinformatic approaches. This has resulted in the discovery of the "A-domain code", a series of 10 amino acid residues that contribute to the selection of the desired amino acid. This allows the prediction of peptide products from non-ribosomal peptide synthesis based upon a bioinformatics analysis, although novel amino acid precursors or non-linear NRPS assembly lines are resistant to this approach.
Based upon the reported non-ribosomal protein sequences available for the natural products discussed above, 17, 112, 120, 141, 154, [156] [157] [158] [190] [191] [192] [193] [194] [195] the A-domain selection pockets for phenylglycines L-Phg, L-Hpg and L-Dpg have been analysed (Scheme 13, prepared using NRPSpredictor-2). 196, 197 Hpg-activating domains fall into two broad classes (A-domain codes beginning with DIF (Scheme 13, upper le panel) and DAV/L (Scheme 13, upper right panel) respectively) that are typically conserved within a single NRPS assembly line. The exception is GPA biosynthesis, where both types are represented in the NRPS machinery in the Hpg-incorporating modules 4 and 1/5 (Scheme 14). 141, 154, 157, 158, 190, 191 Similar trends are seen for complestatin, although here the rst class is found in modules 1, 3, 4 and 5 with the second class only found in module 7.
156 In both cases of these Hpg-activating A-domains the fourth residue present is a His, which is presumably involved in binding to the 4-hydroxyl group of Hpg.
The few examples of Phg activating A-domains characterised show a conserved A-domain code that is similar to that displayed by the Hpg-activating module 4 of GPA NRPS machineries (starting with DIF (Scheme 13, lower le panel)), albeit with the replacement of the His residue with a Leu residue and the subsequent Leu residue with a larger Trp residue.
17 Dpg activating A-domains show a selection pocket that maintains the His residue found in Hpg pockets, whilst reducing the general bulk of residues. 141, 154, 157, 158, 190, 191 These pockets also introduce a Thr residue capable of hydrogen bonding and replace the common Phe residue with a Tyr residue; presumably at least one of the His/Tyr/Thr residues are involved in coordinating to the phenol moieties of the Dpg residue (Scheme 13, lower right panel). The similarity of the A-domain codes in these systems argues against the direct activation of modied (e.g. chlorinated) Phg/Hpg/Dpg residues but rather implies their modication following activation by the NRPS machinery and transfer to a carrier protein domain. The same can also be argued for the incorporation of the initial p-hydroxybenzoylformate residue in complestatin biosynthesis, although this needs to be claried experimentally.
156
In the vast majority of cases where the phenylglycine residue incorporated in the peptide is found to be the D-isomer, a corresponding epimerization (E)-domain can be found within the NRPS-module (see Scheme 14) . 188, 198 These domains are structurally related to condensation domains that catalyse peptide bond formation and have been shown to epimerize the residue once it is contained within the peptide, with the exception of the rst amino acid of the peptide. Epimerization aer peptide bond formation is due to the selectivity of C-domains themselves, which are selective for L-congured amino acids in their donor sites. 188 Two notable exceptions where there is a lack of an E-domain in spite of the nal incorporation of a D-amino acid can be found for phenylglycine residues: one is found in the rst module of GPA-biosynthesis (that incorporates Hpg in type III and IV GPAs) where the nal peptide includes a D-amino acid at position 1 although there is no epimerization domain present within the NRPS. 199 The second example is found in norcardicin A biosynthesis where epimerization activity of the terminal thioesterase (TE) domain is able to replace an Edomain (see below). extensively explored for the balhimycin system. The expression of isolated A-domains from modules 4-7 of the balhimycin NRPS allowed the selectivity of these domains for their amino acid substrates to be quantied in vitro. 166 Through the use of the standard ATP/PPi exchange assay, both the Hpg-activating modules 4 and 5 showed very high selectivity for L-Hpg; as expected, the D-form was not well activated. Poor activation was also found for closely related amino acids to L-Hpg, including L-Phg, L-Dpg, L-Phe and L-Tyr. Module 7, which activates L-Dpg, did not display the selectivity that had been observed for modules 4/5, although this was attributed to reduced activity of the recombinant A7 domain rather than a lowered specicity of this domain. 166 The acceptance of altered amino acid substrates by the A7 domain was tested in vivo using a balhimycin producer strain that was incapable of producing L-Dpg due to gene deletion: this strain was supplemented with alternate amino acids to replace Dpg and their incorporation into modied derivatives of balhimycin was then assessed (Scheme 15, le panel). 200 Results indicated that there was signicant potential for incorporation of modied residues into the peptide chain by the A7 domain: residues capable of being incorporated included 3-hydroxyphenylglycine, 3-methoxyphenylglycine, 3-hydroxy-5-methoxyphenylglycine and 3,5-dimethoxyphenylglycine. The modied peptides thus produced were not always efficiently accepted by downstream crosslinking Cytochrome P450 (Oxy) enzymes (see Section 5.2.1); this was the case for the single 3-substituted amino acids, which led to the isolation of partially crosslinked peptide aglycones as well as fully crosslinked aglycones. This same strain has also been shown to be able to incorporate Hpg into position 7 of a balhimycin type peptide, which in turn was able to be fully processed by downstream Oxy enzymes to yield a tricyclic aglycon (see below), albeit one that had an AB ring enlarged by one atom that then resulted in a loss of antibiotic activity.
201
The acceptance of alternative substrates to Hpg has been assessed for calcium dependant antibiotic (CDA) biosynthesis via a similar gene knockout and amino acid supplementation strategy (Scheme 15, right panel). 112 In this case, modied CDA Scheme 13 Consensus adenylation selection pockets for phenylglycine residues (excluding ristocetin/ristomycin). Colour code: acidic residues (red), basic residues (blue), amide/alcohol containing residues (orange), cysteine residues (magenta). compounds were detected upon supplementation with either Phg or 4-uorophenylglycine whilst 4-chlorophenylglycine and 4-methoxyphenylglycine were not able to be incorporated by the respective A-domain. This suggests tighter steric control during the incorporation of Hpg than Dpg in NRPS biosynthesis, although further examples of Dpg and Hpg activating Adomains would need to be examined to ascertain whether such trends are generally applicable. Finally it is worth mentioning that for all glycopeptides generated by mutasynthesis it was not possible to perform antibacterial proling due to low production amounts. One possible reason for such reduced production may be that the modulated bioactivity causes problems for the organism by interfering with self-resistance. However, the basic export machinery, e.g. ABC transporters should be available. Production yield is a general problem inherent to many mutasynthesis applications, which needs to be addressed by future biotechnological and biosynthetic engineering efforts.
1224

Phenylglycine modifying enzymes
Within the product peptides containing phenylglycine residues, many are subject to further modication during peptide assembly or following peptide synthesis. This includes numerous transformations such as alkylation, halogenation, oxidative coupling or glycosylation. . In all cases where the gene clusters are known, the catalysts that perform the oxidative crosslinking reactions are members of the Cytochrome P450 superfamily of hemecontaining monooxygenases. 12, 202 Mechanistically, numerous suggested alternatives have been made for these reactions, although experimental data is limited to showing that all phenolic oxygen atoms of Hpg residues are retained during aglycon maturation in vivo 203 and that there is no incorporation of 18 O 2 into the crosslinked peptides by P450-catalysed oxidation in vitro.
204
In the case of GPA biosynthesis, evidence is clear that these P450-catalysed reactions occur whilst the substrate peptides remain bound to the NRPS-machinery. Extensive in vivo experiments were not only able to imply the NRPS-bound nature of the peptide but could also elucidate both the identity of the enzymes responsible for the individual cross coupling steps (OxyA: D-O-E ring, OxyB: C-O-D ring, OxyC: AB ring, OxyE; F-O-G ring) as well as the order of oxidation for vancomycin-type (OxyB, OxyA, OxyC) 205 and teicoplanin-type systems (OxyB, OxyE, OxyA, OxyC; there appears to be more exibility in this case than in the vancomycin-type system). 206 In vitro experiments have shown the acceptance of a range of peptide substrates on isolated carrier protein (PCP)-domains for OxyB from the vancomycin system, 204, [207] [208] [209] [210] [211] with the selectivity of OxyB from the teicoplanin system for PCP-bound peptides proving signi-cantly higher and with a reduced turnover yield. 212 Other examples of a type-I (chloroerymomycin) and type-IV (A-47934) systems showed virtually no turnover of PCP-bound peptides, raising questions over the true nature of the P450 substrate.
213
Recent in vitro data has now shown that the X-domain, a condensation-like domain of previously unknown function present in the nal NRPS-module of all glycopeptide antibiotics (see Scheme 14) , is able to recruit OxyA-C and thus present the adjacent PCP-bound peptide substrate to the P450 enzymes for oxidation. 213 The activity of OxyB with peptide substrates bound to PCP-X constructs is signicantly higher in all cases than the PCP alone; an additional point to support the importance of the X-domain was the rst demonstration of in vitro activity of a subsequent Oxy enzyme in the cascade (OxyA). and the enzyme believed responsible for installation of the crosslink is AryC, a member of the Cytochrome P450 superfamily with a high degree of similarity to OxyC from the vancomycin gene cluster (49%). 214 An arylomycin producer strain with AryC knocked out was shown to no longer produce crosslinked peptide products, supporting the assignment of the crosslinking function to this enzyme. 215 
Halogenation.
The modication of phenylglycine residues by chlorination is a common modication observed in phenylglycine-containing natural products: these include examples such as the glycopeptide antibiotics, 216 ramoplanin, enduracidin, complestatin, kistamicin and chlorocardicin. Identication of the halogenase genes from the gene clusters (in some cases more than one halogenase is present per gene cluster) of various glycopeptide antibiotics, enduracidin and complestatin all show that the gene products are highly similar (>70% identity), despite the large structural diversity of the nal peptide products. 158 are only chlorinated in specic GPAs (see Scheme 14) . Bromine supplementation studies have shown that such halogenases appear able to incorporate bromine instead of chlorine, which includes residue Hpg 5 from A47934. 218 Complestatin is heavily chlorinated, with two chlorine atoms added to Hpg residues 3 and 5 as well as the p-hydroxybenzoylformate residue at position 1.
156
Again, a single halogenase is believed responsible for the incorporation of all six chlorine atoms. The selection of amino acid residues by NRPS A-domains does not explain the selectivity of chlorination in these cases; rather it would appear that the modication of the residues occurs whilst they are bound to the NRPS machinery. Studies with vancomycin-type GPAs have shown that chlorinated amino acids are not accepted by the NRPS machinery in appropriate knockout strains, whilst the non-chlorinated residues are accepted by the appropriate Adomains. 15, 219 One exception is the replacement of the chlorine substitution with a uorine atom -here, presumably the uo-rine substituent is small enough not to perturb acceptance of the amino acid by the relevant A-domain; 220 this also correlates with mutasynthesis studies performed with CDA (see above).
112
The exact nature of the halogenase substrate (i.e. peptide or amino acid) remains to be claried, with in vitro and in vivo results from vancomycin 221 and balhimycin biosynthesis 178, 180, 201 implicating different substrates. Through the removal of the halogenase from producer strains dechloro forms of the natural products can be isolated: this has been shown for both balhimycin 15 and enduracidin. 103 A strain producing the GPA A40926 has also been evolved that demonstrates a reduced capacity to produce chlorinated compounds. 222 The complementation of a halogenase deletion mutant of the enduracidin producing strain with the halogenase from the ramoplanin gene cluster allowed the isolation of novel halogenated enduracidins, bearing either a single chlorine substituent on Hpg 13 or a triple chlorinated compound, with two chlorine atoms on Hpg 13 and an additional chlorine substituent on Hpg 11 . 103 This cross complementation does suggest that the target of such halogenase enzymes is the NRPS-bound amino acids: targeting such substrates has precedence in both the hydroxylation of Tyr residues in teicoplanin-type GPA biosynthesis by non-heme iron oxygenases 223 as well as the hydroxylation of several hydrophobic residues by one cytochrome P450 in skyllamycin biosynthesis. [224] [225] [226] 5.2.3 Alkylation. The modication of phenylglycine residues by alkylation typically involves the methylation of phenol residues (xanthostatin), the amine moiety (GPA A40926) and in some cases the carboxyl group to afford the methyl ester (ristocetin/ristomycin). 227, 228 Modication of nitrogen residues involved in amide bonds typically is catalysed by cis-domains within the NRPS machinery, such as the Hpg 4 residue in arylomycin, using S-adenosylmethionine (AdoMet) as the source of the methyl group. 188, 214 The GPA ristocetin/ristomycin alone has a modied structure that bears no chlorinations but rather displays a unique para-methylated Dpg 3 residue in addition to a methyl ester formed at the terminal Dpg 7 residue; ORF 19 has been implicated in the C-terminal methyl ester formation due to homology with a methyltransferase isolated from a different glycopeptide gene cluster (VEG), 194, 229 which thus implies a role in C-methylation for the remaining methyltransferase ORF 23.
227
In the case of salinamide A, the phenol moiety of the Hpg residue of desmethylsalinamide C is involved in oxidation/cyclisation with the seven-carbon moiety derived from (2E,4E)-4-methylhexa-2,4-dienoyl coenzyme A to afford salinamide A.
133,230
The exact mechanistic details have yet to be determined, however it has been postulated that the cyclisation/oxidation proceeds either via initial attack of an epoxide by the Hpg phenol moiety that is followed by dehydration and epoxidation, or via an oxygenase-mediated [2 + 2] cycloaddition/dehydration cascade. 230 Formation of salinamides C and E, bearing a methylated Hpg phenol have been described as dead-end products in salinamide biosynthesis, where methylation via AdoMet prevents their nal conversion into salinamide A. 117 and for the glycopeptide antibiotics. 141, 154, 158, 195, 216, 227, 228, 231, 232 Formadicins A and B are the only sugar-containing b-lactam antibiotics identied to date, bearing a D-glucuronic acid moiety ligated to the phenol group of the Hpg residue involved in the b-lactam ring (Scheme 4). 70 In the ramoplanins, a dimannosyl group (comprising two a-D-mannose units linked a(1 / 2)) is attached to the phenol of Hpg 11 ; 77,79 ramoplanose differs in having a branched mannose trisaccharide attached to this residue (Scheme 5). 86 No glycosyl transferases were identied in the gene cluster of ramoplanin, and thus the enzymatic partner performing the glycosylation reactions in ramoplanin biosynthesis is unknown. 81 The conguration of the sugar attached to the phenol group of Hpg 4 in the arylomycin-derived lipoglycopeptides was conrmed as deoxy-a-mannose, 117 whilst the effect of the sugar moiety on antibiotic efficacy does not appear to be pronounced (Scheme 6).
117,123,233
The glycosylation of glycopeptide antibiotics has been extensively characterised as most GPAs bear glycosylations; one important exception is the sulfated compound A47934. The glycosyl transferases responsible for the addition of glycosyl groups have been identied and investigated for chloroerymomycin (GA, GB, GC) and vancomycin (GD, GE).
234-237
GB and GE have been shown to be responsible for the glycosylation of Hpg 4 using UDP-glucose. GE in particular has shown potential for the acceptance of alternate aglycon substrates, 234 alternative sugar units 235, 238 and has been shown to be able to glycosylate A47934 at Hpg 4 in vivo. 235 GC and GD were shown to be responsible for further glycosylation of the mono-glycosylated aglycones by 4-epi-vancosamine; GD was thus able to use an unnatural glycosyl donor and could also catalyse the modication of a teicoplanin mono-glycosylated aglycon. 234 Further modication of unnatural mono-glycosylated aglycones produced by GE was enabled by GD.
238 GA has been shown to be responsible for the glycosylation of bhydroxytyrosine residue at position 6, with a substrate preference for the singly glycosylated products of GB/GE. 236 GA, GB and GD have also been structurally characterised.
239-241
The teicoplanin glycosyltransferases tGA and tGB can both utilise UDP-N-acetylglucosamine as a donor, with tGB also able to utilise UDP-glucose and UDP-glucosamine.
231, 232 The deletion of ORF 9 (with similarity to GB) from the A40926 producer strain has allowed the isolation of an aglycon with only the mannosyl group present on Dpg 7 ; 242 the mannosyl transferase is implicated as ORF 20 (tcp15 in teicoplanin biosynthesis).
158,231
Further modications of the initial glucose 243 and second glycosyl moiety attached to Hpg 4 have been demonstrated in GPA biosyntheses, 244 as well as being exploited to generate novel compounds.
245
Glycosyltransferases have been employed in the synthesis of GPAs in vitro: completion of the synthesis of vancomycin and modied forms of vancomycin from synthetic aglycones have exploited the glycosyltransferases GE and GD to add the sugar moieties, with GE rst adding a glucose unit to Hpg 4 . 246 The tolerance of these enzymes for aglycon modications was assessed, revealing that modication of the carboxylic acid moiety was poorly tolerated by GE, with N-terminal modications causing a moderate reduction in activity; GD was less sensitive for these modications. 246 The alteration of the vancomycin backbone amide group of residue Hpg 4 to thioamide moieties was more efficiently tolerated by these enzymes. 247 The introduction of alkoxyamine-bearing sugars by GE has also been demonstrated in vitro, allowing neoglycosylation to then produce novel disaccharide substituted aglycones, 248 whilst azide-containing sugars introduced using GE have been used together with a library of alkynes to create a range of modied GPA aglycones using chemoselective Huisgen 1,3-dipolar cycloaddition reactions. transferase from the A47934 cluster has been extensively characterised, including an examination of the substrate tolerance of the enzyme as well as structural analysis. [250] [251] [252] Other sulfotransferases that act on phenylglycine residues in GPA biosynthesis have been identied from metagenomics studies, with the residues modied being Hpg 4 and Dpg 3 of teicoplanin-type aglycones.
194,229
5.2.6 Miscellaneous/combined tailoring reactions: nocardicin A. The two Hpg residues anking the b-lactam ring in norcardicin G (corresponding to positions 3 and 5 in the initial NRPS-pentapeptide product) undergo several modications during the biosynthesis to produce norcardicin A (Scheme 4).
193
Initially, the NRPS-mediated synthesis has several unusual features: rstly, the formation of the b-lactam ring that includes the amine of Hpg 5 has been shown to be catalysed by the C5 domain of the NRPS machinery. 253 Additionally, the stereochemistry of Hpg 5 undergoes epimerization from the (L)-to the (D)-conguration prior to hydrolysis from the NRPS -this epimerization has been attributed to the thioesterase domain of the NRPS machinery, representing another deviation from typical NRPSdomain chemistry. 67 Based upon comprehensive in vitro experiments, the conversion of norcardicin G to norcardicin A proceeds via initial conversion to norcardicin C, catalysed by the AdoMet: nocardicin 3-amino-3-carboxypropyltransferase NocC.
254
This enzyme transfers the 3-amino-3-carboxypropyl moiety from AdoMet to the phenol group of Hpg 3 , which is highly unusual given that the majority of transferases employing AdoMet are involved in methylation. 254 Following this, and epimerization of the C9 0 position of the 3-amino-3-carboxypropyl moiety, 255 the amine of Hpg 3 undergoes Cytochrome P450-catalysed oxidation to form the oxime. 256 This reaction has been suggested to proceed via a twostep oxidation of the nitrogen atom, subsequent dehydration to the nitroso species and tautomerization to the oxime, although the direct dehydration of a hydroxylamine intermediate would also be a possible route to the nal oxime product norcardicin A. 256 This makes the P450 responsible, NocL, an unusual member of the P450 superfamily by catalysing the oxidation of a nitrogen atom as opposed to more typical P450-catalysed reactions involving oxygen insertion into C-H bonds. 12, 202, 256 6 Significance, importance and occurrence in medicinal chemistry
The amino acid 4-hydroxyphenylglycine (Hpg) is a valuable pharmaceutical building block used for production of semisynthetic b-lactam antibiotics, such as the penicillins, cephalosporins, i.e. amoxicillin and cefadroxil.
257-259 Scheme 16 shows the use of penicillin acylase as a catalyst for the synthesis of blactam antibiotics ampicillin, amoxicillin, and cephalexin starting from D-hydroxyphenylglycine amide (D-Hpga) and Dphenylglycine amide (D-Phga) together with 6-aminopenicillanic (6-APA) and 7-aminodesacetoxycephalosporanic (7-ADCA) acid as substrates.
260
In addition, D-4-hydroxyphenylglycine (Hpg) has also efficiently been used for the synthesis of polyxamic acid, which is an essential moiety of the antifungal antibiotics polyoxins.
261
L-3,5-Dpg was found to be a specic agonist of group I metabotropic glutamate receptors mGluRs 262 with signicantly low EC 50 values. 263, 264 It has the potency of phosphoinositide hydrolysis stimulation in neonatal (EC 50 $ 7 mM) and adult (EC 50 $ 28 mM) rat hippocampus and cerebellum in a dosedependent manner.
264 L-3,5-Dpg application causes an agonist response elicitation in non-neuronal cells and Xenopus oocytes expressing recombinant mGlu 1a (EC 50 $ 6-10 mM) or mGlu 5 (EC 50 $ 2 mM) receptor subtypes. 262, [265] [266] [267] The stimulated cAMP levels in the adult can be inhibited by L-3,5-Dpg, while the application of such an amino acid can cause enhancement in the basal cAMP levels in the neonatal brain tissue. 264 Interestingly, rac-3,5-Dpg has the ability to stimulate phospholipase C (PLC) but not phospholipase D (PLD), so it works as an antagonist of mGluRs linked to PLD in adult hippocampus but as an agonist in the neonatal brain or astrocyte cultures. 268, 269 The usage of L-3,5-Dpg as a metabotropic glutamate receptors-group I-agonist induces an elevation in the intracellular calcium concentration [Ca 2+ ] i which plays an important role in controlling neuronal development and necrosis.
270 mGluRs activated by L-3,5-Dpg were found to inhibit voltage dependent Ca 2+ channels, and to regulate multiple subtypes of the Ca 2+ channels including L-, N-and P subtypes, but not the resistant R-subtype.
271
The affinity of the high affinity state of D2 receptors for dopamine in striatum was signicantly decreased upon the application of L-3,5-Dpg, 272 and this application causes an inhibition in the basal and stimulated dopamine release. 
274
L-3,5-Dpg was reported to enhance or decrease excitatory postsynaptic potentials (EPSP's) in a dose dependent manner, and to have the ability of induction long-term depression (LTD) and long-term potentiation (LTP), which are thought to underpin learning and memory formation. [275] [276] [277] [278] [279] Some other studies suggested L-3,5-Dpg as a therapeutic agent for epileptogenesis and neuronal injury, 280 hypoxia, 281 regulation of intestinal motility and secretion, 282 antidepression 283,284 and in cardiovascular system.
285,286
Conclusions
Phenylglycines comprise an important and structurally unique class of non-proteinogenic amino acids that occur in natural products but also nd broad application in synthetic compounds. The main representatives are the amino acids phenylglycine (Phg), 4-hydroxyphenylglycine (Hpg), and 3,5-dihydroxyphenylglycine (Dpg), which are building blocks for non-ribosomal peptide biosynthesis assembly lines of highly important and clinically used natural products. This includes linear and cyclic peptides, e.g. feglymycin, pristinamycin, arylomycin, CDA, enduracidin, ramoplanin as well as the complete group of glycopeptide antibiotics, like vancomycin and teicoplanin. The unique combination of properties in phenylglycines -restricted side chain exibility in comparison to the proteinogenic amino acids Tyr or Phe combined with the ability for hydrogen bonding as well as hydrophobic interactions such as p-stacking -makes these amino acids crucial structural and functional elements in these groups of natural products. Interestingly, nature provides two independent solutions for the assembly of phenylglycine-type amino acids: the chorismate pathway (Phg, Hpg) and acetyl-CoA mediated by a chalcone synthase (Dpg). Peptides containing phenylglycine residues assembled on non-ribosomal peptide synthetases undergo a variety of modications by tailoring enzymes, including those that perform alkylation, oxidation, sulfation, halogenation and glycosylation. Thus, phenylglycines constitute central building blocks of NRPS biosynthesis machineries and futures discoveries of novel peptide natural products containing these amino acids are expected. 
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